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ABSTRACT 
Larvae of the Queensland fruit fly, Bactrocera tryoni, pupate in the soil, but the 
influence of soil variables on B. tryoni pupal mortality is not known. For other 
tropical tephritid species, soil moisture has been identified as a major pupal mortality 
factor.  In the laboratory, we tested the effects of soil moisture and soil type on pupal 
survival through a factorial experiment which used three soil types (loamy sand, loam, 
sandy clay) and seven soil moisture levels (0, 10, 25, 50, 75, 90, 100% field capacity).   
Minor, but significant, differences in pupal mortality were observed between the soil 
types, but the most significant factor affecting pupae was extremes of soil moisture.  
Eighty-five percent pupal mortality occurred at 0% field capacity and 30% mortality 
at 100% field capacity: very low levels of mortality occurred at all intermediate 
levels.  A significant interaction between soil type and moisture level was detected but 
cannot be easily explained. In a follow up experiment, we demonstrated that prepupal, 
wandering larvae of B. tryoni could discriminate between soils of different moisture 
level, with significantly greater pupation in loam soil at 75% field capacity than loam 
soil at either 0% or 100% field capacity.  Results are used to modify a pupal 
mortality/soil moisture equation used in a recently published DYMEX model of B. 
tryoni population dynamics.   
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INTRODUCTION 
The Queensland fruit fly, Bactrocera tryoni (Froggatt) (Diptera: Tephritidae), is 
arguably the most serious insect pest of horticulture in eastern Australia (Dominiak, 
Westcott et al. 2003).  Eggs are laid directly into the host fruit where larvae develop 
before leaving the fruit to pupate in the soil.  While a significant amount is known 
about the biology of adult B. tryoni, substantially less is known about the larvae, and 
even less about the pupae.   
 
Upon completion of larval feeding, late, third instar tephritid larvae leave the host 
and enter the ‘wandering phase’ (Zdarek and Denlinger 1991), during which larvae 
locate pupation sites.  This conspicuous switch from feeding to wandering occurs 
when the larva attains a critical nutritional and/or developmental status and indicates 
the readiness of the insect to begin the process of pupation (Maitland 1992; Denlinger 
and Zdarek 1994).  After a very brief (a few minutes to two hours) dispersal period 
the wandering larvae burrow into the soil and pupate (Fletcher 1989).   Pupation takes 
between 10-14 days after which teneral adults emerge from the soil.   
 
The soil dwelling life stage of fruit flies exposes them to several different abiotic 
variables, including different soil types, soil densities and soil moisture levels:  factors 
that influence pupal biology and mortality in other tephritid species.  For example, 
soils with large particle sizes generally have an open pore structure, which facilitates 
larval movement and penetration to greater depths (Dimou, Koutsikopoulos et al. 
2003).  Alyokhin et al. (2001) and Eskafi and Fernandez (1990) both suggested that 
tephritid larvae prefer to pupate in moist soils with large particle sizes.  Excessive 
water loss during pupation is an important source of mortality in Bactrocera dorsalis 
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(Hendel) and Ceratitis capitata (Weidemann) (Vargas, Chang et al. 1987; Jackson, 
Long et al. 1998), and it is believed that the majority of B. dorsalis larvae in a 
Hawaiian laboratory study pupated in shaded areas to avoid desiccation (Alyokhin, 
Mille et al. 2001).  Other tephritid larvae also appear to actively search for suitable 
pupation sites (White 1980).   
 
Despite the importance of understanding pupal ecology in tephritids, little 
research has been undertaken on the pupation biology of B. tryoni and this is regarded 
as a critical gap in the state of knowledge of this species (Yonow, Zalucki et al. 2004).  
In this paper were report on: (i) the effects of soil type and soil moisture on pupal 
survival (assessed by successful adult emergence); and (ii) ability of prepupal larvae 
to discriminate amongst soil of different moisture levels.  All work is laboratory based 
and excludes interactions with biotic soil factors, for example soil predators and 
pathogens. 
 
 
MATERIALS AND METHODS 
 
Larval Maintenance 
Early instar larvae were obtained from a B. tryoni laboratory colony maintained at 
Market Access Technologies (Queensland Department of Primary Industries and 
Fisheries), Indooroopilly, Queensland.  Larvae were subsequently maintained on 
standard dried-carrot based fruit fly media in a 25ºC constant temperature cabinet and 
L12:D12 photoperiod.  Late, third instar larvae were collected once they had reached 
the wandering phase and used in the experiments described below.  Care was taken so 
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that only newly wandering B. tryoni larvae were used in these experiments (ie larvae 
collected as soon as they left the carrot media).  There is no evidence to suggest that 
laboratory-reared tephritids behave differently in the larval stage than wild flies 
(Alyokhin, Mille et al. 2001), and a number of previous studies have successfully 
used laboratory reared maggots to study larval and pupal behaviour (Eskafi and 
Fernandez 1990; Thomas 1995; Jackson, Long et al. 1998; Alyokhin, Mille et al. 
2001; Dimou, Koutsikopoulos et al. 2003). 
 
Soil Type-Soil Moisture 
To examine the effects of soil type and soil moisture on pupal survival and adult 
emergence, three different soil types with varying particle size distribution were used, 
viz. loamy sand, loam and sandy clay (terminology follows USDA classification, 
(Rowell 1994).  Soil characteristics for each were determined using standard protocols 
and are given in Table 1.  Prior to use, all soil samples were heated at 80°C for 24 h to 
dry the samples and to kill any predatory arthropods and soil-borne pathogens 
(Hennessey 1994).   
 
The effect of the three soil types and soil moisture on pupal survival was tested at 
seven different soil field capacities (0%, 10%, 25%, 50%, 75%, 90% and 100%), with 
each of the 21 treatments replicated five times in individual containers. Field capacity 
was calculated for each soil type independently, ie the amount of water added to a 
particular soil at a given level of field capacity varied between soil types.  Container 
depth at 7.5cm was greater than the maximum depth (~5cm) at which tephritid larvae 
pupate (Hennessey 1994; Hodgson, Sivinski et al. 1998; Jackson, Long et al. 1998; 
Dimou, Koutsikopoulos et al. 2003).  The same mass of soil (??gm) was used in each 
container so soil compaction (loosely packed) did not vary across replicates and 
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treatments.  For each replicate, 20 wandering phase larvae were placed on the soil 
surface and allowed to pupate.  Containers were sealed to prevent loss of moisture 
during the experiment and held at 25 ± 1ºC and L12:D12 photoperiod.  Numbers of 
emergent adults were counted to give a measure of pupal survival or death.  Data 
(percent mortality per replicate) were arcsine square-root transformed and analysed 
for the effects of soil type and soil moisture using a two-way analysis of variance and 
post-hoc comparisons of the one-way effects were made using Tukey’s test for 
difference.  Data analysis for this and all other experiments was done on (2003) 
(SPSS, 2003). 
 
Larval site choice and soil moisture 
Because soil moisture was shown to significantly affect pupal mortality (see 
Results), we conducted an experiment to determine whether wandering B. tryoni 
larvae are capable of discriminating between pupation sites based on soil moisture.  
The sterile loam soil was used as it displayed the lowest average rate of pupal 
mortality across different moisture levels (see Results).  Nine individually numbered 
square plastic containers (10cm x 10cm x 9.5cm deep) were filled completely with 
soil at either 0%, 75% and 100% field capacity (ie three containers per moisture 
level).  The nine containers were then arranged so that their sides touched (giving one 
0.09m² surface) in a 3x3 Latin-square design.  Twenty-five newly wandering larvae 
were placed on the surface of each individual container and allowed to move freely 
between treatments to pupate.  Containers were left for 48 hrs, after which the soil 
was removed and the number of pupae recovered from each container recorded.  Data 
were analysed for goodness of fit using a Chi-Squared test, the null hypothesis being 
that B. tryoni pupae were uniformly distributed across the three moisture levels.   
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RESULTS 
Soil Type/Soil Moisture 
Effects of soil type (df = 2, F = 4.91, P = 0.01), moisture level (df = 6, F = 228.50, 
P < 0.00) and the interaction of these two variables (df = 12, F = 11.36, P <0.00) all 
significantly impacted on pupal mortality (Fig 1).  Post-hoc analysis of the one-way 
effects demonstrated that mean pupal mortality in loamy sand (22.6%) was 
significantly higher than in loam (16.9%), with mortality in sandy clay (20.7%) not 
significantly different from either.  Soil moisture on its own had marked effects at the 
extreme values, with 85.5% mean pupal mortality at 0% field capacity and 29.9% 
pupal mortality at 100% field capacity.  Between these extremes mean mortality was 
much lower (1-10%) and, with the exception of the pair-wise comparison of pupal 
mortality at 10% and 90% soil moisture (1.3% and 10.3% respectively), did not differ 
significantly between moisture values.  The most obvious interaction effect in the data 
concerned pupal mortality in the loam soil at extreme moistures.  At 0% field capacity 
pupal mortality in the loam was 55%, approximately half of that for both of the other 
soils at 100%.  However, at 100% moisture, mortality in the loam at 45% was almost 
double that the other two soils (Fig 1).   
Larval Choice 
Of the 225 mature B. tryoni larvae released, 221 were recovered from the 
different soil moisture treatments and four from the bottom of the experimental arena.  
Bactrocera tryoni larvae showed a clear and significant preference for pupating in soil 
at 75% field capacity (Chi-Square = 60.606; df = 2; p < 0.001) (Fig 2).  
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DISCUSSION 
 
it has been shown that Soil type and moisture levels are important factors 
influencing pupal mortality for many tephritid species (Neuenschwander, Michelakis 
et al. 1981; Alyokhin, Mille et al. 2001; Dimou, Koutsikopoulos et al. 2003).  Results 
from this study confirm this also to be the case with B. tryoni. The relationship 
between soil type and soil moisture is not simple, with a significant interaction 
between these two variables in our experiments.  Why this interaction should occur is 
not obvious to either the authors or soil scientist colleagues (Drs M. Cox and P. 
Grace) with whom this was discussed.  Clearly something about the loam soil used 
impeded water loss (ie slowed desiccation) at 0% soil moisture, and increased oxygen 
loss (ie increased drowning) at 100% soil moisture.  Soil particle size is unlikely to be 
the cause as the loam soil was intermediate between the other two soils in these traits, 
as it was for organic content and pH (Table 1).  Other unmeasured traits of the soils 
(eg clay types, salinity, cation and anion concentrations, etc), however, may have 
impacted on the results in complex ways and further detailed work would be needed 
to discover the mechanism(s) involved.  Despite the interaction, overall results (Fig 1) 
suggest that extreme high or low levels of soil moisture generally have a more 
significant influence on pupal mortality than soil type alone (at least for the soils we 
tested).   
 
Substrate moisture level has an effect on the pupation behaviour of other tephritid 
species and is of primary importance in the determination of abundance (Bateman, 
1972).  Bactrocera species are less tolerant of dry soils than other tephritid genera (eg 
Ceratits) (Eskafi and Fernandez, 1990) and are less likely to enter dry soil to pupate, 
leaving them more vulnerable to predation and less protected from environmental 
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extremes (Jackson et al., 1998).  Excess moisture also caused high mortality of B. 
tryoni larvae in our trials, a result recorded for other tephritid species (B. oleae, B. 
dorsalis, C. capitata) (Neuenschwander et al., 1981; Bigler, 1982; Dimou et al., 
2003).  In cases where the field capacity approaches 100%, a lack of oxygen in the 
soil can induce surface pupation of tephritid larvae (Dimou et al., 2003), an event we 
observed rarely with B. tryoni at 100% field capacity (author’s pers obs).  As with 
other Bactrocera species (Eskafi and Fernandez, 1990; Dimou et al., 2003), B. tryoni 
exhibited the ability to select pupation sites based on soil conditions (Fig 2) and this is 
likely to lead to clumped distribution patterns of pupae in the field (Alyokhin et al. 
2001). 
 
While 100% soil saturation is generally uncommon in agricultural or natural 
systems (except under irrigation), very dry soils are common in the Australian 
environment, particularly in the top 1-5cm where tephritid pupation occurs 
(Hennessey, 1994; Hodgson et al., 1998; Jackson et al., 1998; Dimou et al., 2003; 
authors’ unpublished data). Extrapolating our lab results to the field situation, we 
predict that periods of soil dryness, particularly if compounded by the soils being 
compacted, would be likely to significantly impact on B. tryoni populations via pupal 
mortality.  At the continental scale, this matches Yonow and Sutherst’s (1998) 
CLIMEX based prediction that B. tryoni distribution in Australia is strongly limited 
by available moisture, and at more local levels unquantified observations that soil 
moisture impacts on B. tryoni pupal survival (Bateman & Sonleitner 1967; Dominiak 
et al. 2000).   
 
In a DYMEX based population model for B. tryoni, Yonow et al. (2004) included 
pupal mortality through variation in soil moisture as one of several stage-specific 
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mortality factors.  However, these authors identified that the impact of soil moisture 
on pupal mortality was a gap in knowledge for B. tryoni and so subsequently had to 
estimate pupal mortality caused by soil moisture through reiterative fitting of model 
output to field data.  In their final model the proportion of pupae dying (Psmdm) due to 
unsuitable soil moisture (SSM) is described by the double quadratic function: 
Psmdm = (0.5 – SSM)² for SSM below 0.5, 
Psmdm = 5 x (SSM – 0.9)² for SSM above 0.9, 
and 
Psmdm = 0 for SSM between 0.5 and 0.9 
 
Solving these equations for soil moisture of 0% and 100% gives pupal mortality 
figures (for a given cohort) of 25% and 5% respectively.  Our laboratory data suggest 
these are major under estimations, with our mortality figures (for the three soil types 
combined) being 85% and 30% respectively.  Based on this data, we estimate the 
respective equations from Yonow et al. (2004) should become: 
Psmdm = 85 x (0.10 – SSM)² for SSM below 0.10, 
Psmdm = 30 x (SSM – 0.9)² for SSM above 0.9, 
and 
Psmdm = 0 for SSM between 0.10 and 0.9 
 
It should be recognised that in the field soil moisture is patchy at a fine scale and 
that wandering maggots can apparently detect differences (Fig 2).  Thus, in the field, 
the real effect of dry soils on B. tryoni populations will be lessened because 
individuals will seek micro-conditions which enhance successful pupation.  This may 
help explain the differences between our lab data, where larvae were given no choice 
of pupation site, and parameters estimated from field data. 
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Table 1. Characteristics of the three soil types used in experiments studying 
Bactrocera tryoni pupal survival. 
 
USDA 
Classification  
% Clay 
(0.01-2µm)  
% Silt 
(2-
60µm)   
% Sand 
(20-
2000µm)    
% 
Organic 
Content  
Field 
Capacity 
(w/w)  
pH 
Loamy Sand  2.16 14.88 82.96 1.55 25.99 5.50 
Loam 8.51 43.67 47.82 6.72 30.58 4.98 
Sandy Clay 37.28 10.40 52.32 7.29 45.13 4.38 
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Figure Legends 
 
Figure 1
 
:  Mean (+SE) cohort morality of Bactrocera tryoni pupae in three different 
soil types at seven different levels of soil field [moisture] capacity.  [Twenty 
larvae per cohort, 5 replicated cohorts per soil/moisture combination] 
Figure 2:  Mean (+SE) number of Bactrocera tryoni pupae recovered from loam soil 
at three different levels of field moisture capacity.  The experimental arena 
comprised nine abutting containers of loam, the different soil moisture levels 
in three of each, arranged in a 3x3 Latin-square design.  
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